2. Novel methods were developed to collect and culture the beetle in the laboratory, which 24 enabled experiments to be carried out, providing data on the beetle's sex ratio, longevity and 25 fecundity, and the development rates of eggs, larvae, and pupae at constant temperatures. 
Introduction

42
The two spotted oak buprestid, also known as the two spotted oak borer, Agrilus biguttatus Fabricus
43
(Coleoptera: Buprestidae), is considered an increasingly important secondary pest of oak (Hartmann 
44
& Blank, 1992; Thomas, et al. 2002; Sallé et al., 2014) . It has played a key role in large-scale oak 45 decline events across continental Europe and Russia from the 1900s onwards (Falck, 1918;  46 Starchenko, 1931) , and its pest status in continental Europe and the UK appears to be increasing 47 (Moraal & Hilszczanski, 2000) . Until relatively recently, A. biguttatus was considered rare in the UK 48 (Shirt et al., 1987) . Perceptions of the beetle's pest status in England, however, have been changing 
57
Agrilus biguttatus appears to be strongly associated with AOD in the UK, although its precise role in 58 the syndrome is still under investigation. Acute Oak Decline is characterised by a number of key 59 symptoms on oak stems, in particular, the combination of fluid exudations from vertical splits between 60 the bark plates, inner bark necroses, and the larval galleries of A. biguttatus .
61
Tree declines such as AOD are thought to be caused by a combination of predisposing factors (host 62 genetics or site), inciting factors (e.g. drought), and contributing factors (secondary pests or 63 pathogens) (Manion, 1981) . Several pathogenic bacterial species have now been implicated in the 
150
(Ampulla Ltd, UK), with the base removed and the top secured with fine mesh netting. Beetles were 151 provided with oak foliage, supported in covered containers of water, and a 20% sugar solution on 152 cotton wool pads. They were kept in single sex groups of up to 10 beetles for three to seven days to 153 allow the females to maturation feed (Cardenas & Gallardo, 2013 
174
found to range from 50% to 95%. Humidity in the constant temperature room was maintained at 65%.
176
To measure the effect of temperature on egg development rate, egg batches containing 12 ± 1.5 eggs
177
(mean ± SE) < 24 hours old were placed in plastic boxes, randomly allocated across 15 replicates at 178 each temperature, and checked daily for hatching larvae. Larvae that hatched in the egg development 179 experiments were not used in subsequent log experiments.
181
Drawing from successful techniques of culturing A. planipennis larvae, (Duan et al., 2011 ; J. P. Lelito,
182
pers. comm) methods were developed to culture A. biguttatus larvae on stems of oak. Oak trees (8-16 183 cm diameter) were felled and stems were cut into ~20cm lengths, standardised to have similar 184 surface areas. The cut ends were placed in water, and the logs left for at least two weeks to increase 185 the likelihood of larval establishment. To limit fungal growth, eggs were incubated at either 17.5 or
186
20°C until one or two days before the hatch time predicted by the egg development model. One or 187 two small cores of outer bark (0.6 cm diameter) were removed from the logs, and a batch of eggs, on 188 paper towel, was inserted into each of the bore-holes (totalling approximately 10-15 eggs per log).
189
The bark core, trimmed by 1-2 mm, was then carefully replaced. Inoculated logs, with the cut ends in 190 a tray of water, were kept at 22°C ± 2 until between one and three days had elapsed after the 
227
Migration to the outer bark was used to define the cessation of larval feeding, and the transition to 228 prepupa. To simulate overwintering, prepupae within logs or bark material were chilled at 10°C for 229 one to two weeks, and then at 5°C for a further 15 to 17 weeks (J. P. Lelito, pers. comm.). To simulate 230 the end of winter, prepupae were transitioned to 10°C for one week, and then returned to their original 231 temperature treatments; this marked the end of overwintering.
233
To measure the total development time from prepupa to adult emergence, a total of 68 logs across 
249
A Chi Square test was used to determine whether the observed sex ratio deviated from the expected 250 ratio (1:1). A Welch's two-sample t-test was used to test for differences between the initial oviposition 251 dates of single females and females in mixed groups. Pearson's product-moment correlation was 252 used to test for correlation between adult lifespan and fecundity (total number of eggs laid).
254
Egg hatch, cessation of larval development, and adult emergence were all classified as binary 255 responses. As such, all three were modelled using probit regression. As the processes underlying the 256 three dichotomous responses are likely to be normally distributed across the A. biguttatus population,
257
probit was chosen rather than logit, as the probit model assumes errors to be normally distributed,
258
whereas logit assumes standard logistic distribution of errors. In all three cases, three basic models 259 were applied to the data, one with only the covariate "day" in the model, one with "day" and
260
"temperature" and one including the interaction between "day" and "temperature". For eggs, larvae,
261
and prepupae (to adult emergence), respectively, "day" was defined as the time from oviposition to 262 egg hatch; from egg hatch to migration to the outer bark; and from the end of overwintering to adult 263 emergence.
265
In the analysis of the egg data, separate egg batches were defined as samples, and the hatching of 266 individual eggs was modelled through time, with each egg batch providing a probability of hatching on 267 each date. To prevent pseudoreplication, the probit models were set up as mixed-effects models 268 using the lme4 package in R (Bates et al., 2014) , and included a random effect of sample to account 269 for the repeated measurements made on an individual sample. The effects of "day" and "temperature"
270
were scaled in all three models to improve model fit, using the standard scale function in R. Analysis 
274
Larval data samples comprised larvae within logs. Each log was treated as an independent sample 275 and analysed using standard probit regression in the GLiM function in R. Analysis of model deviance 276 was used to determine the best fit model, and probability predicted from the best fit model.
278
All data from emerged adults were pooled. Development times, after the return of the prepupae to 279 their original temperature treatment, were analysed using standard probit regression in the GLiM 280 8 function in R. Two outliers at 20°C were considered to be erroneously skewing the model fit, and were 281 removed. Analysis of deviance was used to determine the best fit model, and probability predicted 282 from the best fit model.
284
For each life stage, times for 10%, 50%, and 90% of individuals to complete development were 285 calculated from the best fit models for each temperature. These development times were converted to 286 rates, and the effect of temperature, life stage, and the interaction of both variables on the rate was 287 determined using analysis of covariance. Linear regression of rate against temperature was 288 subsequently applied to each life stage in turn, and these models were extrapolated to determine the 289 lower developmental threshold (i.e. development rate = day -1 ) and thermal constant (plus/minus 290 confidence limits) for each stage.
292
The calculated developmental parameters from prepupa to adult emergence, predicted by the probit 293 regression, were overinflated because they allocated day-degrees to a diapausing (dormant) stage.
294
To account for this overinflation, and estimate the pupal development time (to adult emergence), 
299
To determine the number of larval instars, and to predict the expected range of peristomal widths for 300 each instar, normal mixture models were fitted to the peristomal width data. Hartigan's dip test in the 301 package "diptest" was first used to check for multimodality (Maechler & Ringach, 2013 
305
Visually estimated medians were specified. Based on the normal mixture model parameter estimates, 306 larvae were posteriorly assigned to instars based on a threshold probability of 0.90.
308
To determine whether temperature affected larval head capsule size, a linear mixed model was fitted 309 in the lme4 package in R. The response was head capsule width, square-root transformed, and 310 posteriorly assigned instar and constant temperature treatment were specified as fixed effects. To 
342
There were significant main effects and interactions between temperature and day on the likelihood of 343 completion for the egg and larval developmental stages, and on the development from prepupa to 344 adult emergence (Table 2 ). The best-fit probit models of the probability of completion of development Table 3 .
347
Development rate was linearly related to temperature for all three developmental stages. When the 348 development times predicted by the best-fit models were converted to rates, there were significant 
362
After subtraction of the estimated prepupal development times, the lower threshold temperature of 363 pupal development (to adult emergence) was 15.1°C (95% confidence limits, 8.8, 19.0), and the day-364 degree sum was 76.3 (95% confidence limits, 55.7, 96.9) (Table 4, Figure 3) ; the broad ranges were 365 driven by variability in prepupal development time.
367
After approximately 100 days, none of the unchilled prepupae showed signs of pupation. These 368 individuals suffered 100% mortality, indicating that the beetle requires a period at cold temperatures in 369 order to complete its development. Overall, relatively few beetles survived from egg to adult, 370 particularly at the cooler temperatures (n = 1, 6, 26, 14, 3 at 15, 17.5, 20, 22.5, 25°C, respectively).
371
Replicates were particularly low in the final stages of development, due to the deterioration of logs 372 and fragility of the exposed larvae. Of the monitored prepupae (18 in ground bark and 49 in bark 373 sections), 10 reached the pupal stage, and only three eclosed successfully.
375
Hartigan's dip test indicated that the larval peristomal width data were at least bimodal (D = 0.08, p < temperatures were studied to adequately compare the fit of models with more than two parameters.
412
As insect development is typically characterised by a straight line under optimal temperatures, the 413 departure from a straight line suggests the lowest temperature, 15°C, may be suboptimal (Danks, 
441
The cessation of further development and mortality of all individuals that were not subjected to a chill 442 period suggests A. biguttatus has an obligatory prepupal diapause at all temperatures studied, up to 443 and including 25°C. After larval feeding is complete, all prepupae enter diapause, and require a period 444 of cold temperatures (overwintering) before development may resume (Saunders et al., 2002 ). An 445 obligatory diapause has also been reported in A. planipennis (Duan et al., 2013; Liang & Fei, 2014 ).
446
The diapause forces larvae that finish feeding at any time after late spring to overwinter and emerge 447 the following year, which is advantageous for three reasons: it prevents sensitive pupae from 
454
The day-degree parameters given in this paper may be used for detailed modelling of A. biguttatus'
455
lifecycle and distribution when combined with appropriate temperature data. Although it is not possible 456 to give a single lower developmental threshold temperature, because each life stage has a different 457 value, the total day-degree sum required for A. biguttatus to complete its development may be 458 calculated by summing the estimated values for eggs, larvae, and pupae (to adult emergence) 459 (Tables 3, 4) , and assuming a cessation of temperature-related development during the diapausing 460 stage. For example, at an average temperature of 20°C, the average length of the lifecycle from egg 461 to adult emergence was 20.9 + 60.6 days, followed by an obligatory chilling / overwintering period (15-462 17 weeks at 5°C in this study), followed by a final 12.7 days (Table 3) 
500
(Coleoptera: Curculionidae) in one study (Wermelinger, 1999 1999). Individual variability is a standard feature of insect development (Danks, 2000) .
515
In this study, A. biguttatus developed through four larval instars, in contrast with existing literature, 516 which reports five (Moraal & Hilszczanski, 2000) . Most buprestid larvae develop through four instars 517 (Evans et al., 2007) , and four have been reported in several congeneric species (Cote & Allen, 1980; Bieńkowski, 2016) . The pattern of smallest head capsule size at the highest temperatures in second instar 520 larvae, although not significant, and largest head capsule size at the highest temperatures in fourth instar 521 larvae, suggests a shifting thermal optimum (Atkinson, 1996) , with early instar larvae attaining optimal 522 growth at lower temperatures, and later instar larvae attaining optimal growth at higher temperatures 
531
Conclusions
532
The results of the present study of A. biguttatus' development suggest its thermal requirements limit 
819
larvae attain optimal growth at lower temperatures (third instar larvae not shown).
